A selective catalytic reduction (SCR)-coated particulate filter was evaluated by means of dynamic tests performed using NH 3 , NO 2 , O 2 and H 2 O. The reactions were examined both prior to and after soot removal in order to study the effect of soot on ammonium nitrate formation and decomposition, ammonia storage and NO 2 SCR. A slightly larger ammonia storage capacity was observed when soot was present in the sample, which indicated that small amounts of ammonia can adsorb on the soot. Feeding of NO 2 and NH 3 in the presence of O 2 and H 2 O at low temperature (150, 175 and 200 • C) leads to a large formation of ammonium nitrate species and during the subsequent temperature ramp using H 2 O and argon, a production of nitrous oxides was observed. The N 2 O formation is often related to ammonium nitrate decomposition, and our results showed that the N 2 O formation was clearly decreased by the presence of soot. We therefore propose that in the presence of soot, there are fewer ammonium nitrate species on the surface due to the interactions with the soot. Indeed, we do observe CO 2 production during the reaction conditions also at 150 • C, which shows that there is a reaction with these species and soot.
Introduction
It is important to further reduce the emissions from vehicles and the porous wall-flow diesel particulate filter (DPF) plays a significant role in diesel exhaust aftertreatment systems. The DPF material is stable in the exhaust gas temperatures [1] [2] [3] and is used to capture soot from diesel engines filtering out more than 95% of soot particles [4] . In order to enhance the soot regeneration from the DPF, catalytic coating can be added to the filter with active components, such as noble metals, alkali and alkaline earth metals or transition metals [5] [6] [7] [8] [9] . In many of the coated filters, platinum and palladium play a critical role but also other materials are investigated. Soloviev et al. [10] proposed Cu-Co-based mixed oxide systems as promising materials for catalytic oxidation of diesel soot, while Mn-and Fe-doped ceria materials exhibit good soot oxidation performance with good thermal stability revealing 50% soot conversion at about 400 • C [11] .
A combination of DPF and selective catalytic reduction (SCR) functions in a single catalytic multifunctional unit, where the SCR washcoat material is deposited inside the DPF channels, is a feasible concept. It can play an important role for the entire diesel exhaust aftertreatment system by reducing its weight, volume and possibly cost. In addition, it improves low temperature NO x conversion [12] [13] [14] [15] [16] [17] [18] [19] because the SCR-coated filter will be closer to the engine compared with an SCR catalyst with a preceeding DPF, which will result in a faster heat-up of the SCR-coated filter. The incorporation of zeolite-based SCR catalysts into high-porosity DPF substrates was the beginning of the development of a combined SCR-DPF [20] . Owing to their limited thermal stability, copper and iron zeolites within a beta framework are not suitable for filters with forced regeneration [21] . However, it was recently found that copper zeolites/silicoaluminophosphates with chabazite (CHA) structure, such as SAPO-34 [22, 23] and SSZ-13 [24] , are attractive materials to be integrated into a DPF [25, 26] . Lee et al. [27] reported 80% NO x reduction over a DPF coated with a Cu-zeolite SCR during different vehicle operation conditions. In addition, Johansen et al. [28] also observed high NO x activity over a vanadium-based SCR catalyst integrated with a DPF.
In the literature, there are studies on the formation and decomposition of ammonium nitrate species with subsequent formation of nitrous oxides over zeolite-based catalysts [29, 30] . It is well known that ammonium nitrates decompose at a rather low temperature and can potentially deactivate SCR catalysts by blocking their active sites [31, 32] . The interaction between ammonia and nitrates over Fe-zeolite catalysts has been investigated [33] , suggesting that at low temperature, NH 3 could react with nitrates to form ammonium nitrate, thereby suppressing the reactivity of the nitrates with NO. Furthermore, the amount and stability of the ammonium nitrate species formed depend on which zeolite/silicoaluminophosphates are used, where the state-of-the-art Cu zeolites/silicoaluminophosphates with CHA structure show a larger and more stable ammonium nitrate formation compared to the larger pore zeolites, such as Cu/BEA [34] . Moreover, Colombo et al. [35] investigated the storage capacities of ammonia and nitrates and found that Cu zeolites exhibit greater capacities than Fe-zeolite catalysts. In our previous study, we proposed that the soot in the SCR-coated filter inhibited the formation of ammonium nitrate or helped to more easily decompose these ammonium nitrate species [36] . However, besides our earlier study, there are to our knowledge no studies that examine the interactions between soot and ammonium nitrate formation. The objective of the present study is to further examine these interesting effects through dedicated ammonium nitrate formation and decomposition experiments using SCR-coated particulate filters.
Experimental set-up
Soot was loaded on a commercial SCR-coated filter using an engine bench (performed by Volvo Cars). The filter contained a copper zeolite as active SCR material and is a state-of-the-art SCRcoated filter by a major supplier of automotive catalysts. Prior to soot loading, the filter was hydrothermally treated at 850 • C for 12 h. After soot loading of the filter, it was subsequently divided into eight slices of 20 mm height. The slices were counted starting from the exhaust side of the filter (with low soot loading) and ending with slice no. 8 (with high soot loading), which was closest to the engine. Samples (120 channels, 21 mm diameter) from slice no. 6 were used for all experiments. Based on integrating the CO and CO 2 release during SCR conditions up to 750 • C (results can be found in [36] ), we received a soot loading of approximately 20 g l −1 .
The experimental work was conducted in a horizontal quartz tube reactor surrounded by a heating wire and insulated with quartz wool. The samples were wrapped with quartz wool to minimize the by-pass of the gases. The temperature was monitored and measured by two K-type thermocouples inserted into the sample from the outlet side. The thermocouple which controls the temperature of the gases was placed at 1 cm in front of the sample, while the second thermocouple measuring the sample temperature was placed in the central channel of the monolith. The temperatures in the entire system were monitored and controlled by Eurotherm devices. The reacting gases were fed to the reactor by a number of mass flow controllers (Bronkhorst HiTech) and the water flow was controlled by a CEM system (controlled evaporation and mixing). All the lines before and after the reactor were heated and maintained at 200 • C to prevent H 2 O condensation and NH 4 NO 3 deposition. The concentrations of the resulting species were monitored using a Fourier transform infrared (FTIR) instrument (MultiGas TM 2030 HS). All tests were carried out in a gas flow of 3 l min −1 , corresponding to GHSV = 33 500 h −1 (referring to the monolith sample). Argon was used as inert balance and a single monolith sample was used for an entire set of experiments. Ramdas et al. [37] found that engine soot contains 20-25% of soluble organics. Therefore, before each set of experiments, the sample was conditioned by a temperature ramp of 10 • C min −1 to 500 • C in Ar and subsequently the same temperature was held for 20 min in order to remove residual organic species adsorbed on the surface. However, it is still possible that some organic compounds remain. Each experiment was performed before and after soot removal and was therefore denoted 'with soot' and 'without soot'. In this study, the soot removal consisted of exposing the sample to SCR conditions (400 ppm NH 3 , 400 ppm NO, 8% O 2 and 5% H 2 O) at increased temperature steps (400, 450, 500, 550, 600, 650 • C) for 40 min each and for 80 min at 700 • C. Higher temperatures were not used in order to minimize sample deactivation. In a previous study [36] , we had shown that most of the soot in the form of CO and CO 2 up to 600 • C was removed under NH 3 -SCR conditions, thus using 700 • C should be sufficient. Between the steps, the temperature was raised by 5 • C min −1 in the same gas mixture. After performing the soot removal experiment, all other experiments were repeated and are denoted 'without soot'. Two different types of temperature programmed desorption (TPD) experiments were performed and the data for the experiments can be found in the electronic supplementary material. The details of the experiments are described below:
(1) NH 3 TPD with/without soot: the SCR-coated filter was exposed to 400 ppm NH 3 • C for 1 h, followed by exposing the catalyst to 5% H 2 O in Ar for 30 min and thereafter the temperature was increased to 400
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raised to 400 • C at a ramp speed of 10 • C min −1 , while exposing the catalyst to the same gas atmosphere. (2) (NH 3 + NO 2 ) TPD with/without soot: in order to study the formation and decomposition of ammonium nitrates over the soot-loaded SCR-coated DPF, a gas mixture of 400 ppm NH 3 , 400 ppm NO 2 , 8% O 2 and 5% H 2 O was fed into the reactor for 1 h. Since ammonium nitrates are mainly formed at lower temperatures [30] , the tests were performed at three different temperatures (150, 175 and 200 • C). After the adsorption phase, the sample was flushed with 5% H 2 O in Ar for 30 min, followed by increasing the temperature from the adsorption temperature to 400 • C, with a ramp speed of 10 • C min −1 . It should be mentioned that during the NO 2 + NH 3 + O 2 + H 2 O TPD experiments, ammonium nitrate species were formed on the windows of the FTIR instrument, causing an offset of up to 30 ppm in the ammonia signal after the exposure.
(a) Characterization of the soot Soot was scraped off the filter and was analysed by using a Leo Ultra 55 FEG scanning electron microscopy (SEM) instrument equipped with a field emission gun and operated in a low vacuum mode.
Results and discussion
Because the ammonia storage plays an important role in the SCR system [38] , the adsorptiondesorption behaviour of ammonia on an SCR-coated DPF system was studied. The sample was initially exposed to 400 ppm NH 3 during the adsorption period together with 5% H 2 O at 150 • C for 1 h, as shown in figure 1. Complete ammonia uptake was followed by a breakthrough after a short exposure time (6 min) due to the saturation of ammonia on the sample surface. After the adsorption period, the sample was flushed with 5% H 2 O in Ar and the loosely bound ammonia was released. The temperature was then ramped up at a heating rate of 10 • C min −1 to 400 • C and the desorption of more strongly bound ammonia was observed with maxima of around 255 • C for the 'without soot' case and 286 • C for the 'with soot' case. Moreover, a slightly higher amount of ammonia was stored and desorbed in the presence of soot (figure 1 TPD profiles in figure 1 shows a higher NH 3 adsorption capacity (493 µmol) for the case when soot is present in the monolith compared to 'without' soot case revealing a NH 3 adsorption capacity of 424 µmol. Further, in the presence of soot, ammonia release at higher temperature was observed. These results showed that some new adsorption sites were created on the soot, where ammonia could adsorb. The ammonium nitrate species formation and decomposition were studied by a TPD experiment, where the catalyst was initially exposed to a gas mixture of 400 ppm NH 3 , 400 ppm NO 2 , 8% O 2 and 5% H 2 O. Thereafter, the sample was flushed with 5% H 2 O in Ar for 30 min, followed by increasing the temperature to 400 • C. During this type of experiment, ammonium nitrates are typically formed during the adsorption process and subsequently decomposed during the temperature ramp, with formation of nitrous oxides, as previously described in [30] . In a detailed model by Colombo et al. [29, 30] , ammonium nitrate is formed over Cu/CHA catalyst and the ammonium nitrate is decomposed to produce N 2 O. In the present study, we observed N 2 O as a decomposition product after exposure of the catalyst to NO 2 , NH 3 , O 2 and H 2 O, and these results clearly indicate the presence of ammonium nitrate species on the surface. The outlet concentrations of NH 3 , NO, NO 2 and N 2 O during the test with adsorption at 150 • C are shown in figure 2 . This experiment is done after the soot removal experiment, thus showing the effect of ammonium nitrate species formation and decomposition without (or with only a minor amount of) soot. It was observed that NO was initially produced, but that it decreased with time and vanished after about 20 min and simultaneously a large NO 2 consumption is visible. This can be explained by the disproportionation of two NO 2 molecules forming one nitrate and one NO [30, 35, 39] . Furthermore, a total uptake of NH 3 occurred for the first 10 min. After the breakthrough of the NH 3 , both the NH 3 and NO 2 concentrations increased. However, no steady state was achieved during the adsorption time of 1 h. The ammonia and NO 2 consumption can originate for three different reasons: (i) ammonium nitrate formation, (ii) NO 2 SCR, and (iii) N 2 O formation. However, only a minor N 2 O production was observed during the adsorption phase likely due to the high stability of the formed ammonium nitrate species [34] ; therefore, the combined NO 2 and NH 3 consumption can be attributed to the first two points. During the subsequent heating, a noticeable amount of N 2 O was desorbed as a result of the decomposition of ammonium nitrate species. In addition, NO 2 was observed to desorb, possibly due to the decomposition of nitrates on the surface [40] . Interestingly, two NO 2 peaks were visible, which indicated that two types of nitrates were formed on the surface. Furthermore, a large amount • C conducted over a DPF coated with SCR zeolite catalyst. Adsorption feed: 400 ppm NH 3 and 400 ppm NO 2 , 8% O 2 and 5% H 2 O for 1 h, followed by exposing the catalyst to 5% H 2 O in Ar for 30 min and thereafter the temperature was increased to 400
• C. (Online version in colour.) of ammonia was desorbing and some of it can be associated with ammonium nitrate species decomposition, but the largest amount was likely due to regular ammonia adsorption.
The dynamics between the soot and the SCR zeolite catalyst are studied in the TPD tests described above by exposing the sample to NH 3 , NO 2 , O 2 and H 2 O at different temperatures. The adsorption at temperatures of 150 and 200 • C and desorption curves of NO x and NH 3 are presented in figures 3 and 4, respectively. As shown, the NO x concentration initially decreased due to the ammonium nitrate formation in combination with NO 2 SCR reaction, as described earlier in connection with figure 2. After NO x has reached a minimum, it is then steadily increasing with the time of exposure. In contrast to the experiment at 150 • C, the outlet NO x concentration profile reached a steady-state level at 200 • C due to the surface saturation of the sample with NO x . As steady state was achieved in both NO x and NH 3 at 200 • C at the end of the step (figures 3b and 4b), the NO 2 and NH 3 consumption at the end of the adsorption step was related to the NO 2 SCR reaction, as well as small amounts of continuous N 2 O production (4 and less than 2 ppm N 2 O during the end of the storage phase for the case 'with soot' and 'without soot'). It is evident that in the presence of soot, the NO x concentration during the step at 200 was significantly lower. A value of 23% NO x conversion for 'without soot' case was obtained compared with 40% conversion for 'with soot' case. It should be noted that the averaged NO x conversion values were taken during the last 5 min adsorption time, reaching steady state. These results are in line with our previous study using the same SCR-coated filter in which we found larger NO x reduction activity during fast SCR with NO 2 /NO x = 0.5 at temperatures of 150-175 • C when soot was present [36] . As mentioned in the experimental section, prior to soot loading the coated filter was hydrothermally aged for 12 h at 850 • C. The ageing probably resulted in the formation of Cu x O y species, as was found by Wilken et al. [41] using UV-visible spectroscopy. Some of these species or other copper species might be located on the outside of the zeolite crystallites and could possibly therefore be blocked by the soot particles, which are too large (about 30-40 nm) to enter into the zeolites pores (see SEM image in figure 5 ). We propose that the soot reduces the ammonium nitrate formation or makes it less stable, which results in a smaller amount of ammonium nitrate species available on the catalyst due to the interaction with the soot. As ammonium nitrate hinders the NO x reduction, it is advantageous to reduce these species, which explains the higher activity in the presence of soot. Indeed, CO 2 is observed during the adsorption steps at both 150 and 200 • C (figures 6a and 7a), even though at low concentrations, which shows that there is a reaction between the nitrates and the soot even at this very low temperature. These results • C for (a) CO 2 and (b) CO conducted over an SCR-coated DPF. Adsorption feed: 400 ppm NH 3 and 400 ppm NO 2 , 8% O 2 and 5% H 2 O for 1 h, followed by exposing the catalyst to 5% H 2 O in Ar for 30 min and thereafter the temperature was increased to 400
have analogies with the results obtained by Chansai et al. [42] over Ag/Al 2 O 3 , where hydrogen reacted with the nitrates at low temperatures. The NO x conversion at 200 • C is increased from 23 to 40% in the presence of soot (figure 3b), which shows a significant positive impact of the soot, as mentioned above. Another feature observed in the experiment conducted at 150 • C is that the minima observed in the NO x concentration during adsorption for the 150 • C experiment are deeper for the case 'without soot'. The initial decrease in NO x concentration can be related to the fact that the ammonia coverage is gradually increasing on the surface and since the NO 2 SCR reaction depends on the ammonia coverage [43] , it will result in an increased NO x conversion. Furthermore, there are initially little ammonium nitrates on the active sites, but they are built up gradually which causes a blocking of the active sites, thereby further increasing the NO x concentration. Because soot might block some Cu x O y or other copper sites the activity is higher initially for the case 'without soot' since the copper oxide species are active for NO 2 SCR [44] . However, when more and more ammonium nitrates are built up, the positive effect of soot interactions with ammonium nitrates is seen. As mentioned above, the positive effect of soot on the NO 2 SCR reaction might be related to soot interactions with the ammonium nitrates, which make more copper species available for NO 2 SCR. • C conducted over an SCR-coated DPF. Adsorption feed: 400 ppm NH 3 and 400 ppm NO 2 , 8% O 2 and 5% H 2 O for 1 h, followed by exposing the catalyst to 5% H 2 O in Ar for 30 min and thereafter the temperature was increased to 400
After 60 min, the reaction mixture is turned off and the sample is instead flushed with 5% H 2 O in Ar only. Interestingly, some NO x release is observed for the case 'with soot' present (figure 3). Simultaneously, there is a visible production of CO 2 (figures 6a and 7a), which indicates that some of the soot is being oxidized by the ammonium nitrates resulting in the release of some NO 2 . Furthermore, regarding the NO x desorption behaviour during the ramp, two desorption peaks are observed for the case 'without soot' and for the reaction conducted at 150 • C (figure 3a). This result indicates that there are two different types of nitrates formed on the surface. However, this is not seen for the 200 • C experiment probably because the temperature is too high in order to store the most loosely bound species. In the same way as for the period of flushing at 150 and 200 • C, respectively, more NO x is released in the earlier part of the TPD in the presence of soot indicating that the nitrates are more easily decomposed by the reactions with soot. During the temperature ramp, large formations of CO 2 are visible and some CO is also formed as seen in figures 6 and 7. Both the CO and CO 2 profiles show two clear peaks, which is due to soot oxidation by the nitrates and/or NO 2 formed during the ammonium nitrate decomposition. It should be noted that since soot is oxidized by the NO 2 , less NO 2 will be present in the outlet of the reactor. Furthermore, • C conducted over an SCRcoated DPF.
the CO 2 desorption peak is larger for the 150 • C experiment compared to the 200 • C experiment because less ammonium nitrates are likely formed at a higher temperature and it is the nitrates that are used to oxidize the soot. The experiments are conducted in the order 150, 175 and 200 • C; thus, less soot will be available on the surface for the 200 • C experiment; however, the amount of soot in the sample is very large (about 20 g l −1 [36] ). In addition, in our previous study, we found that 500-600 • C was the main temperature for soot decomposition; thus, a major amount of soot will still be left in the catalyst.
The NH 3 concentrations from these experiments are presented in figure 4 . The results during the reaction phase are similar to the NO x case, as seen in figure 3 , where the NH 3 conversion is higher in the presence of soot due to the increased NO 2 SCR activity. During the temperature ramp, a similar amount of NH 3 is observed 'with soot' and 'without soot'. This is most likely because copper zeolites store very large quantities of NH 3 [30, 45] that are quite similar both 'with' and 'without' the presence of soot and although a small increase in ammonia storage in the presence of soot was visible in the NH 3 TPD experiment (figure 1). However, as NO 2 is present from the nitrate decomposition during the TPD after the NH 3 + NO 2 + O 2 + H 2 O exposure, reactions between ammonia and NO 2 are likely occurring which result in the ammonia desorption peak being slightly different compared to NH 3 TPD.
Furthermore, figure 8 presents the N 2 O formation during the temperature ramp after adsorption at 150, 175 and 200 • C for 'without' and 'with' soot cases. In addition, the quantified results for the N 2 O production are shown in figure 9. It is well known that the ammonium nitrates become unstable at higher temperatures [29, 46] and that this fact correlates with N 2 O formation (figure 9). In general, less amounts of nitrous oxides are produced when soot is present in the SCRcoated filter after exposure to NH 3 , NO 2 , O 2 and H 2 O, evidently emphasizing the suppression of ammonium nitrate formation or its easier decomposition in the presence of soot. This trend has also been observed in our previous study conducted on SCR-coated particulate filter for NH 3 -SCR reactions [36] . Finally, it was found that less N 2 O was formed after reaction at 200 • C (figures 8d and 9) which was due to lower ammonium nitrate formation at a higher temperature, which was also observed for Cu/BEA [30] .
Conclusion
The behaviour of an SCR catalyst-coated filter in the reactions involving ammonia storage, NO 2 SCR, as well as the formation and decomposition of ammonium nitrate has been examined in this study by a variety of transient experiments. The experiments were conducted prior to and after soot removal in order to study the effect of soot on these reactions. Ammonia TPD experiments showed that significant amounts of ammonia were stored and released from the SCR catalystcoated particulate filter and slightly higher ammonia storage was observed in the presence of soot. Thus, small amounts of NH 3 can be adsorbed on the soot, with high binding energy as evidenced by the high temperature release in the TPD.
In addition, experiments were conducted in this study where SCR-coated DPF material was exposed to a mixture consisting of (NH 3 + NO 2 + O 2 + H 2 O) at 150, 175 and 200 • C followed by TPD with heating to 400 • C. During the reaction conditions, the ammonia reacted with NO 2 to form ammonium nitrate species, which decomposed at higher temperature to form N 2 O. In addition, the nitrates also decomposed to form NO 2 . Interestingly, less N 2 O is formed in the presence of soot, which indicates that there are less ammonium nitrates on the surface in the presence of soot. These results are in line with the results during reaction conditions where higher NO x conversion was observed in the presence of soot. The major reason for the low activity at lower temperatures in the presence of a large amount of NO 2 and NH 3 is the formation of ammonium nitrate species that block the catalyst. We therefore propose that in the presence of soot, fewer ammonium nitrate species are formed due to the interactions with the soot. Indeed, we observe CO 2 during reaction conditions, which shows that some soot can be oxidized at these low temperatures by ammonium nitrate species. Further, an SEM analysis of the soot particles shows that they are about 30-40 nm, and they are therefore too large to enter the pores of the zeolites. As the SCR-coated particulate filter was hydrothermally aged at 850 • C prior to the soot loading, it is possible that the formation of Cu x O y species has occurred. In earlier studies using model catalysts, these species have been observed on the catalyst surface. We therefore suggest that Cu x O y or other copper species on the surface of the zeolite particles are interacting with the soot, thereby causing a decrease in ammonium nitrate storage and resulting in significantly higher NO 2 SCR activity.
